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Abstract
In addition to Ca2 and K fluxes, angiotensin II (Ang II) has been shown to influence sperm motility. The present study
investigated the involvement of angiotensin II type 1 receptor (AT1) in mediating the modulatory effect of Ang II on a sperm
Ca2-activated K channel expressed in Xenopus oocytes injected with RNAs of spermatogenic cells. Ang II at a
concentration of 1 WM was found to potentiate the ionomycin-induced current, previously demonstrated to be mediated by a
‘Maxi’ Ca2-activated K channel. However, at higher concentration, 20 WM, Ang II was found to suppress the ionomycin-
induced current. Both potentiating and inhibitory effects of Ang II were blocked by losartan, a specific antagonist of AT1
receptors. Immunohistochemical studies further confirmed the presence of AT1 receptors in spermatogenic cells while
expression of AT1 receptor mRNA was demonstrated by RT^PCR. These results suggest that Ang II may influence sperm
motility as well as other sperm function by acting on AT1 receptors, and exerting potentiating and inhibitory effects on the
Ca2-activated K channels. ß 1998 Elsevier Science B.V. All rights reserved.
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In addition to hormonal control, ion £uxes have
been implicated in sperm motility. While a central
role of Ca2 has been observed in various reproduc-
tive events including sperm motility (for a review see
[1]), the importance of Ca2 in£ux is indicated by the
strong in£uence of extracellular Ca2 on sperm mo-
tility as observed in mouse, hamster [2] and rat [3,4].
On the other hand, K e¥ux has been found to be
associated with sperm motility initiation while K
channel blocker, tetraethylammonium (TEA), inhib-
its the motility initiation [5]. Membrane hyperpolari-
zation due to enhanced K permeability and changes
in intracellular Ca2 are also observed in mammalian
sperm, e.g., mouse and bovine [6,7]. Recent evidence
has indicated a role of Ca2-activated K channels in
hamster sperm acrosome reaction [8] and the initia-
tion of sperm motility in Salmonid ¢shes [9]. Our
previous studies have also demonstrated the presence
of a Ca2-activated K channel in rat spermatogenic
cells including sperm [10,11], indicating a regulatory
mechanism of sperm function involving both Ca2
and K ions.
Angiotensin II (Ang II), on the other hand, has
also been shown to in£uence sperm motility. Several
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compounds including Ang II, which are normally
present in seminal plasma, are found to stimulate
human sperm motility [12,13]. It has also been ob-
served that Ang II exerts di¡erential e¡ect on the
motility of human sperm depending on the concen-
trations [12]. At low concentration (0.1^10 ng/ml),
Ang II stimulated the forward velocity of sperm;
on the contrary, high dose (1.0 Wg/ml) of Ang II
suppressed the motility. However, the underlying
mechanism is not clear although a secondary role
of Ang II has been implicated [14].
Since Ang II, through the AT1 receptor, is well
known for its Ca2-mobilizing capacity [15], a role
of Ang II in modulation of the Ca2-activated K
channel, as demonstrated in a number of other cell
types [16^18], thereby regulating sperm motility,
would be easily envisaged. We undertook the present
study to investigate the involvement of AT1 receptors
in modulating a sperm Ca2-activated K channel
using Xenopus oocytes to co-express both the recep-
tor and channel by injection of RNAs extracted from
rat spermatogenic cells.
Spermatogenic RNAs were extracted from the
testes of Sprague^Dawley rats (8^10 weeks old,
320^350 g) and injected into Xenopus oocytes as de-
scribed previously [10,11]. Under two-electrode volt-
age-clamped con¢guration, Ang II alone, 1^20 WM,
did not induce any current increase in both germ cell
RNA-injected and mock-injected oocytes (not
shown). However, germ cell RNA-injected but not
mock-injected oocytes responded to the Ca2 iono-
phore, ionomycin (0.5 WM), with activation of an
outwardly rectifying current (Fig. 1A), which had
been previously shown to be mediated by a ‘Maxi’
Ca2-activated K channel [10]. In the presence of
Ang II (1 WM), the ionomycin-induced current was
signi¢cantly potentiated (Fig. 1B,D), 179 þ 19 nA
(n = 23) as compared to that induced by ionomycin
alone, 104 þ 11 nA (n = 19, P6 0.01). The potentiat-
ing e¡ect of Ang II could be reversed by the speci¢c
AT1 receptor antagonist, losartan (1 WM), indicating
the involvement of AT1 receptor (Fig. 1C,D).
At a concentration of 20 WM, Ang II exerted an
inhibitory e¡ect on the ionomycin-induced current.
As shown in Fig. 1E, a reduction of 38% in the
ionomycin-induced current was induced by high con-
centration of Ang II (n = 31, P6 0.01). To investigate
whether the inhibitory e¡ect was mediated by AT1,
the e¡ect of losartan was also examined. As shown in
Fig. 1E, the inhibitory e¡ect of Ang II was abolished
by losartan, suggesting the involvement of AT1 re-
ceptor in mediating the inhibitory e¡ect as well.
To con¢rm that Ang II modulaties the Ca2-acti-
vated K channel, the e¡ect of CTX, a speci¢c
blocker of the Ca2-activated K channel, on the
Ang II-potentiated current was examined. It was
found that the Ang II-potentiated current, as well
as the ionomycin-induced current, could be inhibited
by CTX (Fig. 2), indicating a modulatory e¡ect of
Ang II, most likely via the AT1 receptor, on the
Ca2-activated K channel.
The expression of AT1 mRNA in spermatogenic
cells was demonstrated by reverse transcription^pol-
ymerase chain reaction (RT^PCR). As shown in Fig.
3A, germ cells gave rise to a PCR product of 905 bp,
as expected of AT1 receptor using the speci¢c prim-
ers (see ¢gure legend). A similar PCR product was
found in the positive control, adrenal gland, where
the expression of AT1 is well known [19]. The local-
ization of AT1 receptor in spermatogenic cells was
demonstrated by immunohistochemistry. When germ
cells were smeared onto the gelatin-coated slide, in-
tense immunostaining was detected, predominantly
associated with the plasma membrane (Fig. 3B).
The speci¢city of the immunostaining was demon-
strated by the negative control in which the primary
antibody was omitted and substituted with bu¡er
(not shown).
Previous studies have demonstrated the feasibility
of using Xenopus oocytes to express sperm proteins
C
Fig. 1. Potentiating and inhibitory e¡ect of Ang II on the ionomycin-induced current. (A) Current recordings a RNA-injected oocyte
before and after stimulation of ionomycin (0.5 WM). (B) Current recordings before and after stimulation of ionomycin (0.5 WM) in the
presence of 1 WM Ang II. (C) Current recordings before and after stimulation of ionomycin (0.5 WM) and 1 WM Ang II in the pres-
ence of the AT1 antagonist, losartan (1 WM). (D) Summary of e¡ect of Ang II (1 WM) and losartan on the ionomycin-induced current
at +30 mV. (E) Inhibitory e¡ect of Ang II (20 WM) on the ionomycin-induced current. Methods have been described previously
[10,11].
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by injection of RNAs of spermatogenic cells [10,11].
A ‘Maxi’ Ca2-activated K channel has been char-
acterized and co-expression of other receptors ob-
served. The present study is the ¢rst to demonstrate
the modulation of the sperm Ca2-activated K
channel by AT1 receptor using the same expression
system. The evidence supporting the involvement of
AT1 receptor in mediating the dual e¡ect of Ang II
on the Ca2-activated K channel includes: (1) both
potentiating and inhibitory e¡ect of Ang II on the
ionomycin-activated current was inhibited by an AT1
antagonist, losartan; (2) Ang II-modulated current
was inhibited by CTX, a speci¢c blocker for the
Ca2-activated K channel; and (3) AT1 receptor
and its mRNA are localized and expressed in sper-
matogenic cells as demonstrated by immunohisto-
chemistry and RT^PCR, respectively.
The observed potentiating and inhibitory e¡ect of
Ang II on the Ca2-activated K channel may be
the mechanism by which Ang II in£uences sperm
motility. Ca2 has been shown to play a central
role in sperm motility; however, an activating as
well as a deactivating e¡ect of Ca2 on sperm mo-
tility has been observed. Separate Ca2-dependent
mechanisms, e.g., Ca2-activated phosphatase and
Ca2 channels, are thought to be involved [4]. Sperm
motility requires Ca2 in£ux, probably through Ca2
channels, since extracellular Ca2 greatly a¡ects
sperm motility as observed in the mouse, hamster
and rat [2,3]. Thus the observed stimulating and in-
hibiting e¡ect of Ang II on human sperm motility
[12^14] may rely on the ability of Ang II to regulate
Ca2 entry. One way to regulate Ca2 in£ux is by
changing the membrane potential since the Ca2
channels responsible for Ca2 in£ux are voltage-de-
pendent (for a review see [20]). The Ca2-activated
K channels are thought to set the membrane
potential of di¡erent cell types [21,22]. Therefore,
activation or inactivation of the Ca2-activated K
channel may result in hyperpolarization or polariza-
tion of the membrane potential. In fact, changes in
membrane potential by Ang II via its action on the
Ca2-activated K channels have been reported in
rat adrenal glomerulosa cells [16] and canine renal
artery [23]. The Ang II-induced changes in mem-
brane potential may lead to inactivation or acti-
vation of the voltage-dependent Ca2 channels,
thereby regulating the in£ux of Ca2. Therefore,
the observed stimulatory and inhibitory e¡ect of
Ang II on sperm motility may be explained by a
dual modulation of the Ca2-activated K channel
by Ang II.
Fig. 2. Demonstration of involvement of Ca2-activated K
channel. Mean current increase at +30 mV obtained in the
presence of ionomycin (0.5 WM); ionomycin, Ang II (1 WM);
and additional Ca2-activated K channel blocker, CTX.
Fig. 3. Demonstration of expression and localization of AT1 re-
ceptor in spermatogenic cells by RT^PCR and immunohisto-
chemistry. (A) RT^PCR product of 905 bp, as expected of AT1
receptor, was found in spermatogenic cells and adrenal gland
(positive control). The speci¢c oligonucleotide primers for the
AT1 receptor were: TAC AGC ATC ATC TTT GTG GTG
(sense) and TGC TCA TTT TCG TAG ACA GGCT (anti-
sense), corresponding to nucleotides 392^1296 with expected
cDNA of 905 bp [32]. (B) Immunostaining of AT1 receptor in
the rat spermatogenic cells (U40).
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The e¡ect of Ang II on sperm motility, via mod-
ulation of sperm Ca2-activated K channel, is of
physiological signi¢cance since the local tissue re-
nin^angiotensin system (RAS) is present in the
male reproductive tract [24], and the generation of
Ang II has been shown in the human testis and the
rat epididymis [25^27]. Previous studies have indi-
cated a role of epididymis-derived Ang II, as well
as AT1 receptors, in the regulation of epididymal
anion secretion [28,29]. The present study has further
demonstrated a possible paracrine role of local RAS
in sperm function. The observed modulatory e¡ect of
Ang II on the sperm Ca2-activated K channels and
the expression of AT1 receptors in spermatogenic
cells suggest that epididymis-released Ang II may
also exert its paracrine function by acting on sperm
AT1 receptors whose localization has been shown in
human and rat sperm [30]. Our ¢ndings are consis-
tent with the important role of RAS recently empha-
sized by the demonstration that male ACE-de¢cient
mice were infertile although sperm production and
mating behavior appeared normal [31].
In summary, the present study has demonstrated
the co-expression of AT1 receptor and Ca2-acti-
vated K channel in Xenopus oocytes injected with
spermatogenic RNA. Modulation of the Ca2-acti-
vated K channel by Ang II, via the AT1 receptor,
may be the underlying mechanism by which Ang II
a¡ects sperm motility.
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